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Abstract 
During the last 20 years the research of Building Integrated Photovoltaic Systems (BIPV) related with different techniques and 
concepts has been widespread, but rather scattered. In BIPV systems photovoltaic panels functioning as an integral part of the 
building envelope, therefore, enhances the aesthetic appeal of the building. In addition of providing renewable energy, they may 
also contribute to improving the indoor climate when thermal energy released during the conversion process is withdrawer 
efficiently, passively or actively recovered (BIPV/T). The increase in BIPV/T research since 1990s, is a consequence of the 
growing interest of the construction industry in offering new alternatives to traditional approaches. The paper is reporting in the 
first part, a BIPV classification focused on the building integration aspect and on the characterization of the main parameters 
involved rather than on technologies used or the performance aspects. In the second part, the paper is focused on reporting the 
experimental results from a particular application, a case study developed in Portugal, where a thermal storage element, Phase 
Change Materials (PCM) integrates the BIPV. 
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1. Introduction 
Increasing energy consumption, shrinking resources and rising energy costs have significant impact on our 
standard of living for future generations. In this situation, the development of alternative, cost effective sources of 
energy for residential and non-residential buildings has to be a priority. Designing energy efficient and affordable 
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solutions integrated in buildings dealing with summer and winter climate challenges represents a very ambitious 
goal. In addition to this, in May 2010 it was published the recast of the Energy Performance of Buildings Directive 
which sets Zero Energy performance targets for all new buildings [1]. The integration of PV systems into buildings 
becomes an imperative in this context. As is well known, Zero Energy Building design does not only mean the 
adoption of energy efficiency measures, but also the integration of renewable energy systems in order to balance the 
building energy consumption. The advantages of PV systems integration in buildings envelope are numerous 
resulting in a growing interest in adoption of these technologies in building design and construction, from the 
electricity generator solutions to offset building demands, to exterior building material and components. 
 
Nomenclature 
Ai Area of solution  
Pi  Material price 
Qi Quantity of energy necessary and/or produced 
 
Integration element - BIPV systems are designed to displace the traditional building components totally or 
partially, assuring a cross-functional role. For example, a BIPV skylight is considered a part of the building 
envelope, a solar generator of electricity, and a daylighting element. According to a study of NREL [2], façade 
applications typically include vertical curtain wall, inclined curtain wall, and stepped curtain wall, while roof 
applications normally include inclined roofs and skylight monitors. A publication of IEA Task 41 [3], report a quite 
complex approach to the integration of PV solutions as a different building envelope component (tilted roof, flat 
roof, skylight, facade cladding, facade glazing, external device). The same publication report on two different 
approaches and definition of PV integration: BAPV-Building Added Photovoltaic systems where photovoltaic 
modules are most commonly considered just as technical devices added to the building and BIPV-Building 
Integrated Photovoltaic, where photovoltaic modules integrate the building envelope as constructive system. 
 
Operation mode - Over the past years, different integration solutions and functioning modes have been studied 
and reported in the literature. As only approximately 16% of the solar energy incident on a PV device is converted 
to electricity; the remaining insolation absorbed is transformed into heat [4]. The energy transformed into heat can 
cause overheating problems in the case of BIPV [5]. Many studies related with BIPV systems have focused on the 
improvement of the indoor thermal comfort and reduce the building energy demands at the same time, and on the 
improvement of the efficiency of the photovoltaic system by limiting the temperature rise inside the system. 
Common approaches to BIPV temperature mitigation fall into two categories: natural ventilation and active heat 
recovery [6] or forced/mechanical ventilation. Experimental and numerical studies have shown that passive 
strategies can lower cell temperature, provide buoyancy driven natural ventilation [7], or serve as solar air collectors 
for preheating HVAC supply air [6]. In the last mentioned study, the authors investigate experimentally and 
numerically the effect of active heat recovery by a liquid cooled heat absorber on the performance of a BIPV/T 
collector and report correlations between PV performance and heat recovery. In the above mentioned study of 
Krauter et al. [5], both passively and actively cooled BIPV have been considered. However, since natural ventilation 
can be limited by the low rates of heat removal contingent on the need for low resistance to a buoyancy-driven flow 
and can suffer a reduced rate of heat transfer from the PV, mechanical ventilation can be more efficient owing to 
better convective and conductive heat transfer, although the required fan power sometimes reduces the net electricity 
gain [8]. 
 
Application - Application of this kind of systems can vary according with the building demands (space heating, 
DHW heating) or/and with strategies for enhancing module efficiency (cooling, ventilation). Another important 
issue associated with different applications is the circulating fluid under PV module that could be water or air. The 
choice of technique depends on the location and its application which dictates the usage of appropriate design 
considerations. For BIPV however, the most commonly used fluid is air because it provides cooling of the cavity 
under PV and heating for living space (heat recovery). Chow et all studied [8] a hybrid BIPV - solar system used in 
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buildings, where a centralized photovoltaic and hot water collector wall system can serve as a water pre-heating 
system. Athienitis [9] proposed a highly efficient collector, an open-loop Unglazed Transpired Collector (UTC) 
which consists of dark porous cladding through which outdoor air is drawn and heated by absorbed solar radiation. 
The BIPV/T concept was applied to a full scale office building demonstration project in Montreal, Canada, and the 
ratio of photovoltaic area coverage of the UTC could be selected based on the fresh air heating needs of the 
building, the value of the electricity generated and the available building surfaces. 
 
Approach - Experimental and numerical approaches have been used to explore PV building integration, its 
design and performances. In relation to the numerical models used for the open-loop air forced-convection in PV/T, 
the literature review includes the work of Sopian et al [10] a thermal model for single and double pass hybrid PV/T 
air collector, Garg and Adhikari [11], hybrid solar air collectors, Hegazy [12] where four configurations of hybrid 
PV/T systems are studied and compared. The effect of natural convection inside the air gap of a BIPV, however, is a 
complex issue. However, depending on the level of details and parameters studied, the heat transfer across these 
systems can be modelled using a simple thermal network model [13], [14] to a more complex, CFD. Moshfegh & 
Sandberg [15] have carried out CFD simulations of naturally ventilated PV façades, Yang et al [16] developed a 
numerical model for a natural ventilated PV roof and façade system, and Brinkworth et al [17] for a natural 
ventilated PV in a roof included a comparison with experimental results. A model of a PV/T air façade was 
developed in TRNSYS and presented by Bosanac et al [18], Kim and Kim [19] also used TRNSYS for modelling 
air-type building-integrated photovoltaic-thermal system and TRNSYS was also used by Kalougirou [20] for 
modelling a hybrid PV-thermal solar system. Thevenard [21] used in his work ESP-r tool which proved useful in 
estimating the electrical and thermal impact of building-integrated photovoltaics. Experimental studies are common 
to almost all studies on BIPV. These studies vary from the test room facilities [22] to large scale applications studies 
[23], [10]. 
2. BIPV-PCM Case study 
2.1. Description of the system 
 
Fig. 1. (a) Prototype installed on the SolarXXI main façade; (b) BIPV-PCM system. 
A prototype BIPV-PCM has been designed, installed and tested in real condition on the main façade of SolarXXI 
office building in Lisbon (Fig. 1 a and b). Due to its high energy efficiency and solar energy system integration, 
SolarXXI has a nearly zero primary energy balance.  The building was designed and prepared to work as a test 
facility, allowing the installation of the prototype on the façade (Fig. 1 a)).  
The prototype under study consists of an outer layer (PV module) and an inner layer (gypsum wallboard 
incorporating PCM - Alba®balance with operating temperature of 23ºC). The properties of the system defined by 
the three layers are described in the Table 1. In the case of BIPV-PCM (that is the case of the module integrating 
PCM in the gypsum board), during the daytime, due to sun exposure, the PV panels absorb the solar radiation, 
generating heat during conversion process, heat that is used for phase change material melting. During the 
nighttime, the melted PCM solidifies and delivers heat that keeps the panel warm for a prolonged period of time. 
The purpose of the BIPV-PCM and the expected behavior is to keep the outside wall temperature warm (over 20ºC), 
BIPV/T-PCM 
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to prevent heat loss through the wall. The BIPV-PCM system is designed to be integrated into a building envelope 
and accumulate the thermal energy directly into the wall of the building. 
Table 1. Materials properties. 
System Layer Properties  
PV The PV polycrystalline modules has a peak power, Pmax, of about 120 (Wp), a Short Circuit Current (ISC) 
of 7,7 (A) and an Open Circuit Voltage (VOC) of 21,8 (V). 
Air Cavity The air cavity cross section has a rectangular shape with 1,75 m width and  0,1 m depth, and the cavity 
has a height of 66 cm. 
PCM The PCM used is incorporated in the gypsum board Alba®balance plasterboards type. The PCM gypsum 
board is integrated in the BIPV-PCM system adjacent to the interior room with 2,5 cm thick. According to 
the manufacturing company, the PCM has a conductivity of 0.33 (W/m.K ) , and is considered a general 
specific heat of 1132 (J/Kg.K).  The material has a density of 1000 (Kg/m3), a latent heat of 12000 (J/kg) 
and a freezing starts and end temperatures of 18ºC and 23ºC respectively.  
 
2.2. Measurement campaign 
The installation was done in January 2013 and the sensors installation has been concluded in the first half of 
February 2013. The first experimental results have been obtained in the second half of February. The interior and 
exterior temperatures together with the solar radiation measurements are shown in Fig. 2. The present work 
corresponds to the preliminary results of the study. To estimate the behavior of the system, an analysis of thermal 
performance of the BIPV-PCM system has been developed for two days with different climatic conditions.  
 
 
Fig. 2. Exterior, interior temperature and solar radiation measurements, Fev. 2013 
2.3. Experimental results 
The temperature profiles through the system cross section are presented in Fig. 3. at different hours of the two 
different days 22nd and 25th of February 2013. It can be noticed that the greatest temperature differences are shown 
by the PV module withabout14ºC between 12 am and 4 pm for the 22nd of February and about 12ºC at the same 
hours, for the 25th of February. For the same time intervals, the smallest temperature differences are shown by the 
gypsum board PCM layer, about 4ºC for the 22nd of February and about 2ºC difference for 25th of February. 
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Fig. 3. Cross section temperatures for the two different days 
Fig. 4 represents the heat fluxes recorded during the two days under consideration, where it is possible to observe 
a constant profile for the PCM interior layer on day 22, and a delay in the energy transfer on the 25th, due to the 
phenomenon of absorption of energy in the form of latent heat. 
 
 
Fig. 4. PCM exterior and interior fluxmeter measurements, 22th and 25th Fev. 2013 
3. Cost analysis 
As the project aims at the study and development of a new technology, the cost analysis is a very important 
aspect, especially comparing with other existing building façade solutions. For this reason, a simplified analysis has 
been developed, where four different solutions/systems have been compared in terms of cost and energy demand for 
space heating. The systems under study were: an insulated brick wall, a traditional BIPV and the BIPV-PCM 
prototype with and without insulation. The cost methodology is based on Hasan et al [24] approach, and takes into 
account the investment costs of each system component/material and the operation cost of a heating space 
integrating the systems. As it can be seen in Fig. 5, in terms of cost, the traditional solution of an insulated brick wall 
has the lowest value. The same solution, however, when integrated in the space wall, correspond to the highest 
energy demand of the space. The best solution in terms of reduction of space energy demand is represented by the 
BIPV and BIPV-PCM insulated, although it is not the most cost effective (PV modules represent aprox.83-85% of 
the total). 
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Fig. 5. Costs / energy demand 
4. Conclusion 
This paper reports the results of a preliminary study of an innovative building integrated system made of PV 
panels and PCM as thermal storage components. Experimental results have been presented in heating season for two 
different days in terms of climatic conditions. For both cases the thermal behavior of the BIPV-PCM system 
presents a highest temperature difference at different hours and between the maximum and minimum values at the 
PV module and in the air gap and a more constant temperature at PCM gypsum board and inside room. A simplified 
cost analysis has been performed, where the BIPV-PCM is compared in terms of cost/energy demands with other 
façade solutions. The results show that even though BIPV-PCM is more expensive than a traditional insulated brick 
wall, when insulated, is the most effective solution for reducing energy demand of space/building, while it is also 
used for electrical power generation. 
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